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Abstract 
The hydrodynamic site characterization for the CO2CRC Otway Project demonstrating geosequestration in the depleted Naylor 
gas field determined the pre-production Darcy-flow-velocity in the target reservoir and identified pressure decline due to regional 
hydrocarbon production. Wellhead pressure measurements showed the depleted reservoir to be recovering much faster than 
predicted by the reservoir model calibrated by the production history. To provide sufficient aquifer support to match the observed 
recovery, the dynamic reservoir simulation required the inclusion of a dual aquifer system. This was supported both by the 
interpreted hydrodynamic model and by the observation of a paleo-gas column extending below the structural spill point of the 
Naylor gas field. 
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1. Introduction 
The Waarre Formation of the onshore Otway Basin, Victoria, Australia, is the target reservoir for the 
demonstration of geological storage of CO2 in a depleted gas field, the CO2CRC Otway Project. The storage site is 
a tilted fault-confined structural trap (Figure 1) containing the now depleted Naylor gas accumulation. Two wells 
were initially drilled by Santos: Naylor-1, which was used for gas production between 2002 and 2004 and is now the 
monitoring well; and Naylor South-1 which encountered only residual gas shows. Once the field was acquired by 
the CO2CRC, a new well, CRC-1, was drilled about 300 m down-dip of Naylor-1 for use as the CO2 injection well.  
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The hydrodynamic study seeks to understand the aquifer properties of the Waarre Fm and forms part of the pre-
injection base-line site characterisation for the project. The Waarre Fm has a number of depleted and producing 
hydrocarbon fields and a producing CO2 field. Production is from gas drive, and the Waarre Fm is considered to 
provide strong aquifer support (Steyn and Zwigulis, 2002). This implies the aquifer has sufficiently high volume and 
hydraulic conductivity to provide a degree of pressure support. Nevertheless, if the rate of extraction is greater than 
the rate of recovery, ongoing production will cause transient pressure decline and alterations in the formation water 
flow patterns (in both rate and direction). Understanding these temporal changes provides an understanding of the 
strength of vertical and lateral seals, fault transmissivity and will assist in evaluating the containment security of 
injected CO2. In addition, regional production will eventually cease and the aquifer will recover towards a state of 
equilibrium, which can be approximated by the pre-production flow system. It is the pre-production flow system that 
will ultimately affect the long term storage and migration of CO2. 
 
 The hydrodynamic model of the regional flow system provided input for calibration of the dynamic reservoir 
simulation to both the production and recovery history for the Naylor Field, reducing uncertainty in the predictive 
capacity of the reservoir simulation.  
2. Site Characterisation 
The study area sits within the Port Campbell hydrogeological sub-basin which corresponds to the structural 
feature recognised as the Port Campbell embayment (Duran, 1986). The target reservoir is the Turonian aged 
Waarre Fm which lies at the base of the Late Cretaceous Sherbrook Group and rests directly on the Otway 
Unconformity (Spencer and LaPedalina, 2006). The Sherbrook Group does not outcrop in the sub-basin and 
recharge to the deeper aquifers is considered to occur at the western and eastern margins via vertical leakage from 
shallower units (Duran, 1986). Formation water migration is directed to the south-west, discharging offshore 
(Leonard, 1983). Within the Sherbrook Group the Waarre Fm is a relatively thin unit onshore. It has a zero erosional 
edge at the northern boundary of the Port Campbell 
embayment and extends some distance offshore to the 
southwest. It disappears at the eastern and western 
boundaries of the embayment over uplifted Early 
Cretaceous highs (Foster and Hodgson, 1995). The 
Waarre Fm is sealed by the overlying, regionally 
extensive Belfast Mudstone which is considered an 
exceptionally good seal (Spencer and LaPedalina, 
2006), although it thins at the basin margins (Buffin, 
1989). 
 
The Waarre Fm itself is divided into three sub-
units: Unit A at the base, which is predominantly 
arenaceous with high lithic content and occasional 
bands of limestone. It is generally tight and well-
cemented with poor visual porosity and permeability; 
Unit B is characterised by a high percentage of 
siltstone and claystone and as such has limited 
permeability and porosity; Unit C is defined by a well-
developed quartz arenite unit, porous with good 
 
Figure 1. The geological model showing the tilted Naylor fault block, 
the major bounding faults, the 3 wells and the pre-production spill point 
for the gas accumulation 
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permeability. The hydrocarbon accumulations in the embayment are almost exclusively within units A and C 
(Spencer, 2006). Hydraulic communication between these units is present in some parts of the basin and not in 
others (Hennig, 2007) however, for the purpose of examining the basin wide behaviour the Waarre Fm is herein 
examined as a single unit.  
 
Structurally, the onshore Otway Basin is a highly faulted extensional rift system (Mehin and Link, 1994) 
however, the majority of the faults within the Otway Project site terminate below the Belfast Mudstone (Spencer and 
LaPedalina, 2006). The hydrocarbon accumulations are often fault bound however, the CO2 accumulations are 
associated with volcanism and deep vertical fault conduits (Mehin and Link, 1994). This implies that individual 
faults may have acted as either barriers or conduit for migrating fluids during different stages of the basin’s 
evolution.  
 
The Naylor fault block is bound by 3 faults (Figure 1). The North Bounding Fault terminates within the Belfast 
Mudstone and there is no sand-on-sand juxtaposition across the Waarre Fm. The Main Bounding Fault also 
terminates within the Belfast Formation; however there is sand-on-sand juxtaposition across the Waarre Fm at the 
southern tip of the fault zone. In contrast the Naylor South Fault terminates in the Dilwyn aquifer above the seal. 
There is evidence of a paleo-gas column at Naylor South-1 and it is possible that the paleo gas-water contact (GWC) 
originally extended below the pre-production structural spill point (Figure 1), and gas has leaked from the Waarre 
Fm via the Naylor South Fault. Nevertheless, the containment risk to the Otway Project is considered small as the 
modelled plume will not exceed the current structural spill point. 
3. Hydraulic Data and Quality Control 
Over 780 individual formation pressure measurements were obtained from 43 petroleum wells. Each 
measurement is evaluated within CSIRO’s quality control system, PressureQC™ (Hortle, et. al., 2008) Values are 
coded from “I” to “V” with “I” being “Most Reliable” and ”V” considered “Very Low Reliability”. This system  
allows for a rapid qualitative comparison of data points of different origin and vintage. The data from wireline 
formation tests (WFT’s) are of reasonably high quality, however, data from drillstem tests are less reliable as these 
often had little or no raw data available, particularly for many of the older wells.  
 
Analysis of formation water samples and wireline logs estimate the formation water salinity in the Waarre Fm to 
be relatively constant at ~20,000 ppm and freshwater density was used to calculate hydraulic head (Hennig, 2007). 
4. Hydrodynamic Methodology 
The standard hydrodynamic approach to characterizing flow systems in aquifers includes the analysis of pressure 
data both in vertical profile (e.g. pressure-elevation plot) and, after conversion to hydraulic head, within the plane of 
the aquifer as potentiometric surface maps. Potentiometric surface maps are used to: define the flow system in terms 
of the direction (from high potential to low potential) and rate of formation water movement; identify pressure 
compartments; provide information about the sealing properties of faults; and elucidate the mechanisms driving 
formation water movement. They are created by plotting hydraulic head values on a structural basemap of the area 
and contouring lines of isopotential. Flow is then inferred to be at right angles to the isopotential contours. Bachu 
(1995), and Dahlburg (1995) provide an overview of hydrodynamic analysis techniques. 
5. Otway Basin Pre-production Potentiometric Surface 
Hydrocarbon production from reservoirs connected to an aquifer will impact the fluid dynamics within the 
aquifer, potentially changing both the speed and direction of fluid movement. The effect is transient, and the degree 
is dependent on the hydraulic properties of the aquifer and the rates and volumes of production. Characterising the 
pre-production flow system of the aquifer is the precursor to understanding the current day flow system and to 
quantifying the impacts of production on that flow system.  
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Figure 2 is the pre-production potentiometric surface map for the Waarre Fm within the Port Campbell 
Embayment. The isopotential contours are controlled by data from wells considered to represent the pre-production 
flow system. Wells posted in orange are post-production and considered to be at risk of, or to have, artificially low 
hydraulic head values. These are not used to control the contours. Included on the figure are the locations of known 
faults, modified from (Buffin, 1989) and (Mehin and Kamel, 2002). The location and extent of these faults are 
poorly constrained and they should be used only as a guide to the nature of the structural architecture.  
 
 
The maximum hydraulic head within the area is 50m at Port Campbell-4 and the minimum is 22m at Buttress-1 
(Figure 2). The small range in hydraulic head across the embayment results in a relatively flat potentiometric surface 
with widely spaced contours. This suggests that the Waarre Fm is regionally hydraulically connected with high 
transmissivity. The high permeability of the Waarre strata measured at different locations within the basin, in 
combination with the hydraulic gradient can result in relatively high Darcy flow velocities, for example; 0.39m/yr, 
at 500mD (permeability from Naylor-1) between Wallaby Creek field and Naylor-1, or as high as 1.95m/yr at 
2500mD (permeability from Wallaby Creek field). Even so, at an average Darcy flow rate of 1.17m/yr it would still 
take 855 years for formation water to migrate 1km within the aquifer. 
 
The direction of flow is away from areas of high hydraulic head, for example at Wallaby Creek-1 and Port 
Campbell-4, consistent with localized compaction driven flow into a regional flow system with discharge offshore. 
There are local anomalies in the regional flow direction, for example around Boggy Creek-1, within the Otway 
Project site. The Boggy Creek fault block is compartmentalized by faults to the north, west and south, effectively 
isolating it from the nearby Buttress and Naylor fields. Formation water is driven eastwards out of the Boggy Creek 
fault block by local compaction to join the regional flow system.  
 
Laterally, flow is largely parallel to structural grain defined by the dominant fault trends. The flat gradient across 
the sub-basin suggest that although individual faults are often barriers to across fault flow, hydraulic communication 
  
 
Figure 2 Pre-production potentiometric surface for the Waarre Formation within the Otway Basin. Pre-production data are shown in 
black. 
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within the aquifer system regionally occurs around fault tips , for example at Naylor-1. At Naylor-1 it is likely that 
some component of flow is directed east-south-east of Naylor-1 towards an offshore discharge point.  
6. Pre-production pressure decline at Naylor-1 
The pre-production potentiometric surface predicts the hydraulic head at Naylor-1 and Croft-1 to be 25m and 
22m respectively. This is in contrast to the negative hydraulic head values calculated from formation pressure 
measured at each well when they were drilled. The pre-production GWC for Naylor-1 was at 2020mSS (pers com. J. 
Xu.) which produces a hydraulic head in the aquifer of -17m. This is 42m (or 60psi) lower than predicted from the 
pre-production potentiometric surface. At Croft-1 the hydraulic head at the pre-production GWC is -5m, or 37psi 
lower than expected. There are several possible explanations to account for the observed negative hydraulic heads: 
an artifact due to data error; a natural potentiometric low; or production induced pressure depletion. Each of these 
has been examined in detail. 
6.1. Data Error 
The measured pressures (i.e. hydraulic heads) at Croft-1 and Naylor-1 may be low due to insufficient build-up 
times or an incorrect calibration of the pressure gauge. Insufficient build-up times imply lower than expected 
permeability and may manifest as a large amount of scatter in the data due to supercharging (for WFT’s), lack of 
seal, or variable build-up pressures. This is not evident in these wells as multiple pressure measurements with depth 
from WFT’s define a gas gradient for both wells. Gauge calibration error could not be determined with the available 
data; however, it would require an error in the order of 25 psi to bring the hydraulic head at Naylor-1 to 0 m, 
assuming the estimated GWC is correct. This is unlikely to occur in one well and less likely to occur in two. 
Therefore, data error is not considered to be the cause of the low pressures measured at Naylor-1 Croft-1. It is more 
likely that both wells reliably reflect a low pressure environment. 
6.2. Natural Potentiometric Low 
Low pressures may occur naturally either as a result of rapid uplift and erosion (Bachu and Underschultz, 1995) 
or through a nearby connection with surface discharge. The Otway Basin is predominantly extensional with large 
rift faults and only short periods of uplift and basin inversion prior to the deposition of the Sherbrook Group (Buffin, 
1989). It is considered unlikely that the geological conditions existed to generate erosional underpressuring at the 
Otway Project site. 
 
The Sherbrook Group does not outcrop within the embayment (Duran, 1986), so evidence for a local, vertical 
connection to surface can be obtained by examining the hydraulic heads of the surrounding aquifers. Extensive 
examination of the faults surrounding the Otway Project site has demonstrated that only the Naylor South Fault 
(Figure 1) cuts the Belfast Mudstone, terminating in the Dilwyn Formation. Data from CRC-1 for the shallow 
aquifers, the Timboon Sandstone and the Dilwyn Formation, show that the hydraulic head value for these aquifers is 
36m and 34m respectively and therefore, do not provide a discharge point for the low hydraulic head observed at the 
Naylor-1 and Croft-1 wells. The hydraulic head data from the heterogeneous Paaratte Formation, which lies above 
the Belfast Mudstone, has values of 37m at Curdie-1 and 34m (data from CRC-1). These are higher than the pre-
production hydraulic heads at Naylor-1 and Croft-1. This potential difference between the hydraulic heads in the 
Paaratte Formation and the Waarre Fm is being maintained by the Belfast Mudstone and is evidence of the sealing 
capacity of this unit. Further, it suggests that any leakage across the aquitard would be directed downward.  
 
6.3. Pressure depletion due to production 
Pressure reduction due to nearby hydrocarbon production is evident in the Waarre Fm east of the Naylor field and 
is considered the most likely explanation for the hydraulic low at Naylor-1 and Croft-1. There are two nearby fields 
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which may contribute: the Boggy Creek Field and/or the Wallaby Creek Field. It is also possible there is regional 
depletion related to the number of fields and long history of production from this aquifer.  
6.3.1. Local Field Production 
Boggy Creek-1 (originally 42m in 1992) has been producing CO2 since 1994 and is the nearest producing field to 
Naylor (Figure 2). However, it is considered unlikely to be the source of the declining pressure as the pre-production 
potentiometric surface map predicts that the Boggy Creek fault block is a hydraulically isolated compartment. In 
addition, there is significant off-set of the Waarre Fm across the Boggy Creek Fault (350 m) through a complex fault 
zone with little evidence of sand on sand juxtaposition. It is possible that communication may occur east of the 
Naylor and Boggy Creek faults blocks around the fault tips, but the current geological models do not extend this far. 
 
The Wallaby Creek Field is ~9km east of the Naylor fault block along the structural trend. Gas production ended 
in December, 2001 and Naylor-1 was drilled in May and Croft-1 in March of 2001. The field would therefore have 
been close to maximum depletion when Naylor-1 and Croft-1 were drilled. However, for this production to impact 
Naylor-1, it requires there be hydraulic communication through the aquifer across this distance, either across or 
around faults between Wallaby Creek and Naylor-1.  
6.3.2. Regional Depletion 
Regionally, the Waarre Fm has been producing since 1986 from many different, mostly small fields (Figure 2) and 
production induced pressure depletion can be seen in the eastern side of the basin over distances of several 
kilometers (Hennig, 2007). In addition, the aquifer is known to be well connected hydraulically and to have high 
permeability (several Darcys in some fields). It appears that although the volume of gas produced from individual 
fields is small, the cumulative effect produces a degree of regional pressure decline across the basin. 
 
7. Present Day Hydrodynamic Flow System 
The WFT’s from CRC-1 show that the Waarre Fm in the vicinity of the Naylor Field is currently depleted due to 
gas production from Naylor-1, but is recovering, as evidenced by the measurement of increasing well head pressures 
at Naylor-1 over time, prior to injection at CRC-1. This recovery will be offset by a small decline in pressure due to 
the regional pressure decline due to production activities in the greater aquifer.  
 
The pre-production and post-production hydrodynamic models also suggest that the Naylor fault block is 
connected to the greater aquifer directly to the east and to the west around the end of the Main Naylor Fault (Figure 
1). The pre-production depletion at Croft-1 must be due to the hydrocarbon production from the east as there is no 
production west of Boggy Creek-1 at this time. This requires there be hydraulic communication between Croft-1 and 
Naylor-1 (Figure 1).  
 
8.  Reservoir Simulation and history matching 
The three wells within the Naylor fault block, along with data from other wells in the area were used to construct 
the geological model (Figure 1). The grid for the reservoir simulation was generated from PETREL with corner-
point geometry based on the geological model. The dimensions for this model are 71 x 70 x 55 or about 20 x 20 x 
1.2 metres for a single grid block. This is thought to be sufficiently detailed to reflect the reservoir heterogeneity. 
This model includes the gas-bearing zone (reservoir) and a very small section of the much larger aquifer. The sides 
are bounded by major faults. These faults are considered sealing and are treated as no-flow boundaries. The upper 
and lower edge is likely extended further into the local and regional aquifers.  
 
The Eclipse reservoir simulation package was used in the history matching simulation. Naylor-1 production 
history and the post-production well head pressure measurements were used to calibrate the simulation. Constraints 
from the well and other data, the reservoir permeability and initial gas water contact vary within a narrow range, 
2900 A. (Hennig) Hortle et al. / Energy Procedia 1 (2 09) 2895–2902
 Author name / Energy Procedia 00 (2008) 000–000 7 
whereas the aquifer size is considered the biggest unknown calibration parameter for the simulation models. The 
aquifer is modelled as numerical aquifers, which provide water influx during the gas production.  
 
A saturation hysteresis model is used in the simulation to account for the aquifer influx and gas trapping. The 
phases present in the reservoir are water and gas. In the production process, water displaces gas upwards towards the 
crest, which is an imbibition process. To model the 2-phase flow imbibition process, the relative permeability of 
water and gas is needed. Ideally the relative permeability would be obtained through laboratory measurement. 
However, as is often the case, the laboratory measurements were not available. From the logs, connate water 
saturation is about 0.09, which serves as one end point. For the trapped gas saturation, a Waarre C core from Boggy-
Creek-1 gives a value of 0.33. In addition, trapped gas saturation ranges in 0.3-0.4 for clean sandstone at a porosity 
of 0.17 (GRI, 1993). Based on this understanding, the trapped gas saturation is set at 0.35.  
 
Also in the simulation, since the bottom-hole pressure was not measured during production, the flow in the 
tubing/casing needs to be modelled. Eclipse VFPi was used for this and the tubing size, length, roughness, and fluid 
properties are the inputs to the model. The software module then generates a lift table based on these inputs. The lift 
table lists calculated bottom-hole pressure values with corresponding well-head pressure at a particular flow rate. As 
any other tables in Eclipse, the simulator generates any needed value using interpolation or extrapolation numerical 
schemes. 
 
Figure 3 shows the simulation results with well tubing head pressure (WTHP) and bottom-hole pressure (BHP) 
for Naylor-1. The triangles represent the measured well-head pressure (17.4 MPa), and the continuous black line is 
the simulation results. The sole square symbol shows the measured bottom-hole pressure, and the pink line 
represents the simulation results. Both the production history (520 Days) and the post-production pressures are 
matched closely.   
 
The successful history match is attributed to the dual-aquifer modelling. The history matching process began with 
one numerical aquifer connected to the southeastern edge of the reservoir model. With this assumption it was not 
possible to calibrate the numerical model. The aquifer was either too strong to match the production history, or it is 
too weak to match the post-production pressure regardless of the other parameters, such as gas-water contact, skin, 
and permeability. The dual aquifer system assumed two numerical aquifers and used Aquifer 1 to represent the 
effect of the local aquifer connected to the southeast edge of the reservoir model, and Aquifer 2 to represent the 
effect of the aquifer connected to the west of the reservoir model. Aquifer 2 is about 2-orders of magnitude larger in 
size than Aquifer 1 and much less permeable (50 times).  This is possible because the water flow may be restricted 
by the densely-distributed faults in the region and also the likely degradation of the aquifer. Figure 4 shows 
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cumulative water influx versus time for the two aquifers. Aquifer 1 contributes to water influx and pressure support 
slightly more at the very early stage, but is soon overtaken by contributions from Aquifer 2. Furthermore, after about 
500 days, the total influx of Aquifer 1 starts to decline. At this point Aquifer 1 no longer provides pressure support, 
but acts as a water sink with all the water influx from Aquifer 2.  
9. Conclusions  
The pre-production potentiometric surface shows that the regional Waarre Fm aquifer is a well connected aquifer 
in regional hydraulic communication across the Port Campbell Embayment. The average Darcy flow velocity within 
the Waarre Fm is relatively high at about 0.39 m/yr assuming an average permeability of 500mD. The direction of 
flow is consistent with localized compaction driven flow into a regional flow system with recharge on the basin 
edges and discharge offshore. Flow is largely controlled by faults and directed parallel to structural grain; however, 
the hydraulic gradient is low, suggesting good regional hydraulic communication around fault tips.  
 
Hydrocarbon production from the Waarre Fm has had a significant impact on the original flow system with more 
recent wells exhibiting pressure decline. In the current day flow system, formation water migration will be re-
directed towards regions of low hydraulic head (sinks) with an increased hydraulic gradient. This is evident at the 
Naylor-1 site and is particularly significant for the eastern side of the basin where production volumes are greater 
over a longer production time.  
 
The aquifer within the Naylor Field is connected to the regional flow system both to the east and the west. The 
hydraulic head values seen at Naylor-1 and Croft-1 are notably lower than expected from the pre-production 
potentiometric surface and the most likely explanation for these low values is regional production induced pressure 
depletion. Locally, the Waarre Fm within the Naylor fault block is in a state of recovery since production at Naylor-
1 stopped, offset by a small pressure decline due to ongoing production activities in the basin. 
 
The reservoir simulation was successfully calibrated to the Naylor production pressure recovery history by 
extending the aquifer both to the east and west. The hydrodynamic analysis supports this model of extended aquifer 
communication.  
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